We hypothesized that biodiversity improves ecosystem functioning and services such as nutrient cycling because of increased complementarity. We examined N canopy budgets of 27 Central European forests of varying dominant tree species, stand density, and tree
and shrub species diversity (Shannon index) in three study regions by quantifying bulk and fine particulate dry deposition and dissolved below canopy N fluxes. Average regional canopy N retention ranged from 16% to 51%, because of differences in the N status of the ecosystems. Canopy N budgets of coniferous forests differed from deciduous forest which we attribute to differences in biogeochemical N cycling, tree functional traits and canopy surface area. The canopy budgets of N were related to the Shannon index which explained 14% of the variance of the canopy budgets of N, suggesting complementary aboveground N use of trees and diverse understorey vegetation. The relationship between plant diversity and canopy N retention varied among regional site conditions and forest types. Our results suggest that the traditional view of belowground complementarity of nutrient uptake by roots in diverse plant communities can be transferred to foliar uptake in forest canopies. Ecosystem functioning comprises processes, services, and stability (Millennium Ecosystem Assessment 2005) . Pools and fluxes of water, carbon and nutrients such as nitrogen (N) within and between ecosystems are provisioning, regulating and supporting ecosystem services, respectively, because they feed back to food production and non-food resource supply such as timber (Millennium Ecosystem Assessment 2005) . A number of studies in experimental grasslands revealed the significant influence of species richness on the cycling of N by more exhaustive belowground N use through complementarity (Tilman et al. 1996; Hooper and Vitousek 1998; Scherer-Lorenzen et al. 2003; Kahmen et al. 2006 ). However, the relationships of biodiversity and ecosystem functioning are far from being understood in forests. Furthermore, the small-scale experimental results have not yet been linked with replicated largescale observations and generalized across landscapes and different land-use systems (Symstad et al. 2003; Scherer-Lorenzen et al. 2005; Fischer et al. 2010) . The latter is necessary to adequately address spatial and functional variability of biogeochemical cycles at different scales and among various management regimes (ranging from coniferous plantations to near-native deciduous forests).
Since the beginning of industrialization, the amount of N cycling in terrestrial ecosystems has increased and N from anthropogenic sources has become an important component of the N cycle in terrestrial ecosystems (Aber et al. 1998; Galloway et al. 2004 ). Anthropogenic N is transported and processed in the atmosphere and ultimately deposited mainly as reactive N. Forests receive high N deposition because of the large canopy surface area and its aerosol and gas scavenging capacity (Horn et al. 1989; Lovett and Lindberg 1993; Rothe et al. 2002) . The consequences of N deposition on the stability and ecosystem services of northern temperate forests have been intensively debated in the context of N saturation (Aber et al. 1998) .
Central European forests are likely under use by humans since several centuries which has resulted in changes of vegetation composition and forest structure (Sala et al. 2000; FAO 2011) and modified plant species richness among forest types (Boch et al. 2013) . Especially the introduction and the preferred cultivation of conifers has impacted biogeochemical N cycling compared to native deciduous forests in Europe through feedbacks on the light and water passing the canopy, changes in litter quality and composition, and nutrient leaching (Augusto et al. 2002; Rothe et al. 2002; De Schrijver et al. 2007) . The cultivation of conifers in areas where deciduous trees would naturally dominate represents an intensified forest management, because coniferous forests evolved from human planting and are usually managed in shorter rotation periods resulting in greater resource exploitation through harvest than in deciduous forests of Germany on the long run (Schmitz et al. 2004) . The response of biogeochemical cycles to forest management may vary substantially depending on regional site conditions, resources and ecosystem resilience.
Many findings mainly derived from stable isotope experiments highlight retention, stomatal and microbial uptake, and transformation of dissolved and gaseous N species (e.g., NH 4 + , NO 3 -, NO 2 -, NO x , peroxy-acetylnitrate, organic N) in forest canopies (e.g., Garten Jr. and Hanson 1990; Sparks et al. 2003; Gaige et al. 2007 ). However, the physiological capability of using the various atmospheric N species and thus canopy N uptake potential depends on plant functional traits like thinner cuticles, more-pronounced leafwettability, higher nitrate reductase activity in deciduous than in coniferous trees. Furthermore, canopy N retention may also be governed by differences in canopy surface area and seasonality of foliage between coniferous and deciduous trees (Harrison et al. 2000; Augusto et al. 2002) or feedbacks to soil N supply (Rennenberg et al. 1998) . Canopy N uptake of a Norway spruce forest in Germany was estimated to range from 15% to 42% of the an-nual tree N demand (Harrison et al. 2000) with the majority taken up as dissolved N (Horn et al. 1989 ). Therefore, canopy N retention contributes to plant nutrition and thus potentially increases productivity and carbon sequestration in N-limited forests ). Moreover, canopy N retention buffers negative effects of inorganic N deposition through immobilization, thus, increasing ecosystem stability and supporting ecosystem services like fresh-water supply. Canopy uptake of NH 4 + and HNO 3 by foliage and bark is accompanied by base cation leaching (mainly K + ) to maintain a balanced charge in plant cells. Thus, excessive canopy N uptake may induce base cation leaching from foliage resulting in nutrient imbalances in trees (Horn et al. 1989 ).
Both, positive and negative biodiversityecosystem functioning relationships were reported from observational forest studies (Vila et al. 2003; 2007; Morin et al. 2011; Paquette and Messier 2011) , but these studies focused solely on the relationship between mature tree diversity and productivity. Hence, the existence of a complementarity effect in forests is still under debate because it can only be proven using strict experimental sampling designs to overcome the 'sampling-effect' (Wardle 1999) . Such a degree of experimental control of driving factors can hardly be reached in structurally complex ecosystems like forests because the understorey species composition in forests is not fully independent of the regional species pool, the dominant tree species, and forest management, respectively (Boch et al. 2013) . Nevertheless, the assumption that species-rich plant assemblages improve N-use efficiency through complementary use of N should also hold true for forests (Scherer-Lorenzen et al. 2005) . To our knowledge, a biodiversity effect has never been evaluated with respect to aboveground nutrient use in forests via plant surfaces. Several comparative studies addressed the influence of single and admixed tree species on nutrientuse efficiency in terms of N leaching (Nordin 1991; Kelty 2006; Berger et al. 2009 ) but, to our knowledge, no study investigated the functional role of vascular plant diversity on canopy N retention including the forest understorey although the diversity of woody canopy-forming understorey plants usually exceeds tree species diversity in managed Central European forests and the understorey vegetation competes for N resources with overstorey trees .
Our objective was to quantify the canopy budget of N in a range of central European forests to determine drivers of this budget. We hypothesized that canopy N budgets are driven by (1) the type of forest system determined by tree species and management intensity (reflected by the basal area) and (2) richness and diversity of trees and shrubs forming the forest canopy.
Materials and methods

Study site
This study was conducted as part of the "Biodiversity Exploratories" project (www.biodiversity-exploratories.de) in three regions in Germany, Schorfheide-Chorin, Hainich-Dün, and Schwäbische Alb, where the assessments are conducted in established and actively managed forests (for details see Fischer et al. 2010) . The three research regions differ in climate, geological setting and prevalent soils that are representative for large parts of Central Europe (Table 1 ). In each region, we investigated 9 forest plots (100 m x 100 m) comprising age-class forests (i.e. forests consisting of one or more even-aged development stages which are harvested at 80-120 year intervals by clear cut or shelterwood logging) dominated by European beech (Fagus sylvatica L.), Norway spruce (Picea abies (L.) H. Karst.), and Scots pine (Pinus sylvestris L.), respectively, and extensively managed forests (mature forests protected for at least 60 years) dominated by European beech (Fischer et al. 2010 ). The dominating tree species of the studied forests (Table 3) are representative for large parts of the respective region (Fischer et al. 2010 ). 
Sampling and chemical analysis
Fluxes of Cl -, K, Na, total dissolved N (TN), NO 3 -, NH 4 + , dissolved organic N (DON), and total dissolved phosphorous with bulk deposition, throughfall, stemflow, and litter leachate were determined at intervals of 14 days for the growing season of 2010 (30 March to 9 November 2010 for Schwäbische Alb and Hainich-Dün, respectively, 14 April to 9 November 2010 for Schorfheide-Chorin). During some sampling campaigns, forest plots in Hainich-Dün (n=1) and Schorfheide-Chorin (n=8) were inaccessible because of hunting or harvest, therefore some samples of throughfall and stemflow refer to sampling periods of 28 days.
Rainfall was sampled at grassland sites distributed throughout the study regions (9 to 11 sampling sites) with 5 collectors per site placed at 1.8 m height. Obviously contaminated samples of rainfall were discarded in the field (Schwäbische Alb: 27%, Hainich-Dün: 17%, Schorfheide-Chorin: 24%). Throughfall was sampled with 20 collectors per forest site in a subplot (20 m x 20 m) at 0.3 m above the soil surface to include the influence of overstoreys and understoreys of the canopy. Collectors for rainfall and throughfall consisted of 2-L polyethylene bottles equipped with a polyethylene funnel (diameter = 0.12 m). To prevent photochemical reactions, the sampling bottle was wrapped with aluminum foil. Funnels were equipped with a polyester mesh (1.6 mm mesh width) and a table-tennis ball to prevent contamination with coarse particulate matter and to minimize evaporation, respectively. Collectors for rainfall and throughfall were continuously open and therefore collected bulk deposition. However, the aerosol capturing capacity of collectors is negligible compared to that of forest canopies. Stemflow was collected from 3 trees per site using bisected polyurethane hoses (diameter = 0.04 m) as a collar fixed to the bark with a polyurethane-based sealing, and connected to a polyethylene tubing as drain outlet to a polyethylene or polypropylene trough (15 to 220 L). Litter leachate was sampled with 3 zero-tension lysimeters (diameter = 0.2 m, polyvinyl chloride) per site which were installed horizontally below the organic layer and collected the sample in polyethylene bottles stored belowground.
Bulk precipitation for each forest plot was assessed using RADOLAN data provided by German Weather Service (DWD, Offenbach, Germany) gathered from radio detection and ranging methods that have a temporal, spatial, and intensity resolution of 1 h, 1 km 2 , and 0.1 mm, respectively, and were calibrated with biweekly volumetric precipitation measurements at ground level. During each sampling campaign, the volume of water intercepted by each collector was measured and a volume-weighted aliquot of each sample type per plot was created in the field that was filtered through pre-rinsed (at least 0.05 L distilled water and 0.05 L sample) folded paper filters (low N concentration, 5-8 µm, 292, Munktell & Filtrak GmbH, Bärenstein, Germany, and Sartorius AG, Göttingen, Germany) and were stored at -18 • C until chemical analysis. Analytical devices used to determine concentrations of TN, NH 4 + -N, NO 3 --N, Cl -, K, Na and total dissolved phosphorous are summarized in 
Forest and vegetation properties
In each plot, diameter at breast height of all trees was measured between 2008 and 2012. Basal area of trees was calculated and summed for each plot to give total basal area. Richness of woody plant species was determined in each forest stand in a 20 m x 20 m subplot for shrubs (< 5 m height) and trees (> 5 m height) in summer 2010. For each plot, the Shannon index of woody plant species was calculated according to the equation
where S denotes the total number of tree and shrub species present, i identifies an individual species, and p i is the species-specific cover value of species i. Management intensity was approximated by forest type and total basal area. The forest type component is factorial and distinguishes between coniferous (intensively managed) and deciduous forests (extensively managed). The basal area component reflects shortterm human disturbances through thinning, planting and harvest (i.e. management reduces total basal area) but also natural disturbances. 
Calculations and statistics
Calculations
Bulk deposition for each forest plot was calculated by multiplying site-specific bulk precipitation (RADOLAN data) and volume-weighted element concentration of rainfall for the growing season. Element concentrations in rainfall that referred to a sampling period > 14 days were excluded a priori from the analysis (Schwäbische Alb: 0%, Hainich-Dün: 2%, Schorfheide-Chorin: 17%). Because of frequent contamination of rainfall samples, we excluded outliers that were outside of the 1.5 × interquartile range for (1) total dissolved phosphorous deposition (bird droppings), (2) electrical conductivity and (3) TN concentration (both fertilizer input), (4) of 0.5 < Na to Cl ratio < 1.5 (plausibility), and (5) Cl concentration (human contamination because of sample handling). Outlier identification was performed sequentially and for each exploratory separately and steps (2), (3), and (5) were based on single sampling events because of apparent seasonal patterns. In total, n=86, n=94, and n=65 samples of rainfall from Schwäbische Alb, Hainich-Dün, and Schorfheide-Chorin, respectively, were used for the quantification of bulk deposition.
Throughfall water flux was calculated as mean of all samplers per plot. At one plot in Hainich-Dün (HEW4), sampling started 4 weeks later and ended 2 weeks earlier than at the other plots in Hainich-Dün and the throughfall water flux for these sampling periods was substituted using linear regression of precipitation and throughfall (r 2 =0.82). Throughfall collectors at one plot in Schorfheide-Chorin (SEW2) had to be removed between 8 June 2010 and 22 June 2010, however, precipitation was~2 mm for this period and we therefore set throughfall water flux to 0. Stemflow water flux was calculated by scaling up the measured stemflow volume per basal area of the sampled trees to total basal area of the respective forest.
We did not substitute missing stemflow water fluxes (Schwäbische Alb: 2%; Hainich-Dün:
21%; Schorfheide-Chorin: 1%) because stemflow can poorly be inferred from rainfall volume and we therefore underestimate stemflow fluxes at some sites.
Element fluxes with throughfall and stemflow were calculated for each plot by multiplying volume and element concentration for each sampling campaign which were then summed up over the growing season. No samples of throughfall, stemflow, and litter leachate were removed from the dataset, except Cl concentration in throughfall of one plot in Hainich-Dün (HEW4) between September 14th and 28th because of obvious contamination. In contrast to rainfall, throughfall samples that refer to a sampling period of 28 days were not excluded from the analysis because the ratio of NH 4 + -N to NO 3 --N did not differ between throughfall samples with sampling periods of 14 days and 28 days (P=0.385, t-test) indicating negligible N transformations in the samples. Missing element concentrations for throughfall and stemflow because of sample exhaustion by chemical analysis or plot inaccessibility were substituted by volume-weighted mean concentrations. We used the volume-weighted mean of NH 4 + -N plus NO 3 --N (N min ) concentration in litter leachate to describe N availability in soil.
Element fluxes with throughfall plus stemflow were considered as below canopy flux. Total deposition was calculated as bulk deposition plus dry deposition. Since dry deposition cannot be measured directly, total deposition was estimated according to the canopy budget model of Ulrich (1983) using Cl as a tracer for dry deposition. The model is based on the assumption that Cl is inert during the canopy passage, hence, Cl enrichment from bulk deposition to below canopy flux results solely from dry deposition. We did not determine gaseous dry deposition and therefore underestimate total deposition to the studied forests. Finally, the canopy budget was calculated as below canopy flux minus total deposition. A negative budget indicates uptake or retention of N in the canopy. For unknown reasons, total deposition exceeded below canopy flux of Cl at Schorfheide-Chorin from 15 September 2010 until 9 November 2010 and calculation of dry deposition was therefore based on Cl canopy budgets of the preceding period (14 April 2010 to 14 September 2010).
Statistics
Data were analyzed using the software environment R (R Development Core Team 2011 
Results
Total N fluxes and differences among regions
Bulk deposition of TN was greater in Schorfheide-Chorin (11.8± standard deviation (SD) 1.7 kg ha −1 ) than in Hainich-Dün (10.1±0.8 kg ha −1 , P=0.011) but similar to Schwäbische Alb 11.1±0.6 kg ha −1 . Total deposition of TN was similar in all three regions (Table 4 , Fig. 1 ). Below canopy flux of TN was lower than total deposition of TN (P<0.001; Fig. 1 ). The canopy budget of TN covered a wide range from -15.6 kg ha −1 to +1.5 kg ha −1 (Fig. 1) and differed among regions (Table 5). On average, 29%, 16%, and 51% of total deposition of TN was retained in the canopy in Schwäbische Alb, Hainich-Dün, and Schorfheide-Chorin, respectively. The canopy budget of TN was negatively correlated with total deposition of TN (Fig. 2) . Comparisons of dry deposition, total deposition and below canopy fluxes of TN among regions and of fractional contributions of N species in total deposition and below canopy fluxes are summarized in Table 4 and Fig. 1 
Effects of forest type and stand density
Because of the greater dry deposition, total deposition of TN was greater in coniferous than in deciduous forests of Schwäbische Alb and Hainich-Dün (P<0.036), respectively (Fig. 1) . Canopy retention of TN was greater in coniferous than in deciduous forests (Table 5 ). However, the interaction between forest type and region was only significant in Schwäbische Alb and Schorfheide-Chorin (P=0.010). Below canopy fluxes of TN differed between coniferous and deciduous forests exclusively in Hainich-Dün (Table 4) . Stand density was similar in all three regions and greater in coniferous than in deciduous forests (P=0.017). The canopy budget of TN increased with the stand density in coniferous forest while the opposite was true for deciduous forests rendering the overall effect of stand density on all studied forests negligible (Table 5 ). Furthermore, differences in canopy N budget among coniferous age-class forests, deciduous age-class forests, and extensively managed forests only reflected differences between the forest types.
Influence of plant diversity
The diversity of trees and shrubs differed marginally among the three regions (P=0.057) and tended to be lowest in Schorfheide-Chorin and highest in Hainich-Dün (Table 3 ). The Shannon index was higher in coniferous than in deciduous forests (P=0.012). The Shannon index explained 14% of the variance in the canopy budget of TN (Table 5 ) and tended to be positively correlated with the residual canopy budget of TN after accounting for region, forest type and stand density (i.e. supporting canopy N retention; Fig. 3 ). The effect of plant diversity varied significantly among regions and forest types, respectively (interaction terms in Table 5 ).
Discussion
Effects of region and forest management intensity on canopy N retention
Canopy budgets of TN were almost entirely negative indicating widespread net N retention (Fig. 1) . Canopy N retention occurs frequently in temperate forests deficient in N and forest canopies in North America receiving low to intermediate N deposition usually retain 10 to 90% (mean of 40%) of annual wet N deposition (Lovett and Lindberg 1993) . Foliar N uptake was estimated to provide up to 50% of plant N demand ) and thus may counteract N limitation (Sparks et al. 2003) . Similar to our study, canopy N retention in North America increased with N deposition (Lovett and Lindberg 1993; Fig. 2) , Thus, regional differences in the canopy budget of TN in our study are likely related to the magnitude of N deposition and the forest N status. However, the proxy we used for N availability to roots (i.e. N min in litter leachate) did not influence the canopy budget of TN. Given the sandy soil texture in Schorfheide-Chorin and the shallowness of soils in Schwäbische Alb, respectively, N availability to roots may also be limited by water-shortage resulting from the low water holding capacity of the soils in Schorfheide-Chorin or small soil N stocks in Schwäbische Alb, rendering canopy uptake of deposited N more important in Schorfheide-Chorin and Schwäbische Alb than in Hainich-Dün. Accordingly, canopy N uptake in Hainich-Dün might have been limited because local soil properties (e.g., high fertility, high water and nutrient storage capacity of the soils) render N nutrition by root uptake more efficient resulting in N accumulation within the plant and decreased foliar N uptake (Rennenberg et al. 1998) .
Deposited N is prone to chemical, biological, and physical interactions with canopy surfaces and organisms. Major sinks for deposited N in the canopy are foliar uptake by plants through stomatal penetration and cuticular diffusion (e.g. Eilers et al. 1992; Peuke et al. 1998; Lockwood et al. 2008 ) that is usually accompanied by ion exchange and leaching, assimilation by epiphytes and microbes (Papen et al. 2002; Gaige et al. 2007; Schwarz et al. 2011) , and ion adsorption to canopy surfaces (Dail et al. 2009; Adriaenssens et al. 2012) . The canopy can also be a source of dissolved N through dissolution of dry deposited particles and gases and leaching from organic tissues (e.g., DON, Fig. 1 Generally, canopy surface area and roughness are greater in coniferous than in deciduous forests (Augusto et al. 2002) . Canopy properties of spruce forest increased dry deposition of TN ( Fig. 1) and provided a larger reactive surface for adsorption and assimilation relative to deciduous forests because of permanent foliage (Harrison et al. 2000) as reflected by the significant effect of forest type on the canopy budget of TN (Table 5 ). The effect of the forest type differed among regions ( Table 5 ).
The structural differences between coniferous and deciduous forests are unlikely to vary substantially among regions. More probably, coniferous and deciduous forests adapt their N acquisition strategies differently in relation to the regional N status. This also suggests that biotic retention (e.g., assimilation) is more important than abiotic retention (e.g., adsorption).
In line with other studies, coniferous forests retained atmospheric N more efficiently than deciduous forests in Schwäbische Alb and Schorfheide-Chorin De Schrijver et al. 2007 ; Table 5 ). This difference may have been marginalized through the greater N demand and functional traits of beech (e.g., thinner cuticle, more pronounced leaf-wettability, higher nitrate reductase activity) compared to coniferous trees (Harrison et al. 2000) . However, the opposite was observed in Hainich-Dün, indicating that the regional N status had a profound effect on functional traits of the dominant tree species (region × forest type in Table 5 ). Norway spruce forests are known to be more susceptible to N saturation resulting in greater N leaching than from deciduous forests and thus having a more open N cycle (Neary and Gizyn 1994; Augusto et al. 2002; Rothe et al. 2002; De Schrijver et al. 2007; Berger et al. 2009 ). In Hainich-Dün, the regional susceptibility to N saturation because of the soil fertility and the more open N cycle of spruce forests could have added up and overcome the positive feedback of the larger surface area of spruce on canopy N retention while the opposite was observed in Schwäbische Alb and Schorfheide-Chorin under N scarcity. Only marginal effects of management intensity in terms of stand density on canopy N retention were observed, but these seemed to differ between deciduous and coniferous forests in our study (Table 5 ).
The role of plant diversity for canopy N retention
We showed, to our knowledge for the first time, a biodiversity effect on aboveground nutrient cycling in forests. In the studied forests which are representative for large parts of Central Europe, plant diversity explained a significant fraction of the variance of the canopy budget of TN and canopy N retention was positively related to the diversity of trees and shrubs. We highlight that the diversity of all canopyforming plants of forests and not only that of trees impact the canopy budget of TN and therefore the biodiversity-ecosystem function relationship. However, because of confounding effects of region, forest type, and possibly associated species composition, the influence of the tree and shrub diversity on canopy N retention varied by region and forest type.
The Shannon index of shrubs and trees explained 14% of the variance in the canopy budget of TN but also interacted with the study region and the forest type, respectively ( Table 5 ). Furthermore, canopy N retention increased significantly with the Shannon index because not accounting for the effect of plant diversity would have resulted in an overestimation of the canopy budget of TN (Fig. 3) . The fact that the strength of this relation differed by region and forest type (interaction terms in Table 5) highlights the relevance of environmental variability for the functional role of biodiversity in forest ecosystems.
Most studies on the biodiversity-nutrient cycling relationship were conducted in grassland systems. The more efficient use of N with increasing diversity of grassland plant species is commonly attributed to belowground complementary use of resources (Hooper and Vitousek 1998; Scherer-Lorenzen et al. 2003) . Thus, the effect of the diversity of canopy-forming plant species on canopy N retention suggests complementary use of bulk and fine particulate deposited N in aboveground plant parts in Central European forests.
Similar to grasslands and belowground com- plementary N use, aboveground complementarity in forests may result from spatial, temporal and functional niche partitioning, respectively (Tilman et al. 1996; Kahmen et al. 2006 ). In the context of canopy N retention in forests, spatial niche partitioning evolves most likely from canopy layering. When N is deposited, it comes first into contact with the tree canopy layer and is partially assimilated by foliage, twigs, and bark. Residual N, N falling directly through gaps of the overstorey, and N released from the overstorey, is translocated from the overstorey to the understorey of the canopy with the percolating water where further uptake may occur. Although the understorey vegetation has a much lower biomass than trees in Central European forests, N incorporation from throughfall can be twice that of overstorey trees .
Canopy N retention is greatest in the physiologically active season of the year (Harrison et al. 2000; Adriaenssens et al. 2012) when plant N demand is high. Complementary phenological species traits could therefore have low-ered temporal variation in canopy N retention. Since shrub diversity exceeded tree diversity (Table 3) , temporal variability of N demand was likely greater in the understorey. Temporal complementarity might also have been related to micro-climatic differences between the canopy layers (e.g., higher relative humidity of the air near the ground sustaining water-films on canopy surfaces, thus supporting foliar uptake) or variation of N availability in soil and species-specific rooting depths.
Functional complementarity likely results from plant functional traits such as leaf-wettability or preference for certain N species and thus relates to different N use strategies among plant functional groups (Kahmen et al. 2006) . Because of the greater species richness, functional diversity should be greater in the shrub layer than in the tree layer. Therefore, especially canopy N uptake in coniferous forests of Schwäbische Alb and Schorfheide-Chorin could have been supported by NO 3 --N uptake in the shrub layer since the capability of conifers to use NO 3 is low. Furthermore, species dominance can correlate with N species preference (McKane et al. 2002) . This suggests, that the plants in the understorey could have adapted to high NO 3 availability in throughfall after NH 4 + has been filtered out by conifers. This could also have coupled back to species composition in the understorey by increasing the abundance of species efficient in foliar uptake of NO 3 -.
The interactions of the influences of region and forest type with the Shannon index on canopy budgets of TN suggested that the biodiversityecosystem functioning relationship depended on the regional and forest management-related species pools which determine the potential extent of temporal, spatial and functional complementarity. However, the abundance of key species can have a pronounced influence on apparent biodiversity effects (Wardle 1999). The influence of key species cannot be tested in forests because single species interactions are not thoroughly replicated. More research on the influence of environmental variability and forest management on the biodiversity-ecosystem function relationship is needed to draw conclusions on involved mechanisms.
Conclusions
We conclude that the diversity of canopyforming plants is a control of the canopy budget of TN in Central European forests and especially diverse understoreys may support canopy N retention and thus provided evidence for a relationship of plant diversity and nitrogen cycling in forests. However, the regional N status, the forest type, and interactions of both codetermine canopy N retention and couple back to the effect of plant diversity on canopy N retention. Hence, we showed for the first time that the traditional view of belowground complementarity of nutrient uptake by plant roots can be transferred to forest canopies, the 'roots in the sky'.
